Alpha cardiac actin (␣CA) and alpha skeletal actin (␣SKA) are the major sarcomeric actin isoforms detected in striated muscle [1, 2] . A sequential activation of alpha actin isoforms has been demonstrated in several species during the development of the heart [3] [4] [5] [6] [7] . The expression of alpha smooth muscle actin (␣SMA) marks the earliest appearance of embryonic cardiomyocytes, preceding the co-expression of ␣SKA and ␣CA in the developing myocardium, and finally the predominant expression of ␣CA in the adult heart [3] . The expression pattern of actin isoforms varies between species and is highly influenced by pathological conditions [8] . Increased ␣SKA expression represents a well-accepted marker for cardiac hypertrophy in different animal species and man [6, [9] [10] [11] [12] . Skeletal actin mRNA accumulation is observed during hemodynamic overload of rat hearts [10, 13] 
sarcoplasmic reticulum in the cardiomyocytes [19] [20] [21] [22] , infarction border zones [18, 23] and volume-overloaded myocardium [24] .
A goat model of sustained atrial fibrillation (AF) has previously been developed [17] [25] [17, [26] [27] [28] . 
Materials and methods

All experimental procedures and protocols were carried out according to the Dutch Law on Animal Experimentation (WOD) and approved by the Animal Investigation Committee of Maastricht University. The investigation conforms to the Guide for the Care and Use of Laboratory animals published by the US National Institutes of Health (NIH Publication No. 85-23 revised 1996). All human patients gave their informed consent and the study was approved by the local ethical committees for research. The investigation conforms with the principles outlined in the Declaration of Helsinki. Detailed information on the myocardial samples and the immunocytochemical procedures can be found in the supplementary data section.
Production and characterization of antibodies
Mouse monoclonal anti-␣-skeletal actin (anti-␣SKA) and anti-␣-cardiac actin (anti-␣CA) antibodies were prepared following the Repetitive Immunizations at Multiple Sites strategy (RIMMS)
Gel electrophoretic and immunoblot analysis
Myocardial tissue samples
Human coronary artery disease.
The human cardiac material used in this study consisted of transmural left ventricle biopsies from 4 patients obtained during coronary artery bypass surgery. The detailed individual patient characteristics are described in previous papers [19, 21, 22] . Left ventricle biopsies were directly frozen in isopentane precooled with liquid nitrogen.
Pressure-and volume-overload of rabbit hearts.
Aortic valve insuffiency and aortic banding was induced in 4 adult female white New Zealand rabbits as described previously [29] and compared to a group of 5 sham-operated rabbits without aortic interventions.The rabbits were bred and housed under specified pathogen-free conditions. The excised left ventricles were immediately frozen in liquid nitrogen-precooled isopentane and used for light microscopy and immunohistochemistry.
Chronic atrial fibrillation in goats.
The goat model for chronic AF was described previously [30] . In total, 22 goats were used in this study. The control group (2 animals) was kept in sinus rhythm, whereas in the other groups (3) (4) [17] . [32] . 
Histological analysis
Immunocytochemistry of cultured cells
Confocal scanning laser microscopy
Results
Specificity of actin antibodies
Western blot analysis of the ␣CA and ␣SKA mouse monoclonal antibodies on respectively rat aorta, rat myocardium, rat skeletal muscle, human platelets and chicken gizzard revealed a strong specificity of ␣CA for rat myocardium and ␣SKA for rat skeletal muscle (Fig. 1 
Ventricular hibernating myocardium in man
The larger part of the left ventricular tissue of patients suffering from coronary artery disease showed normal ␣CA ( Fig. 2A and B ) and cardiotin expression (Fig. 2C and D) . Some of the cardiomyocytes revealed a minor punctate expression pattern of ␣SKA in their cytoplasm ( Fig. 2A and B) . Twenty to 45% of the total tissue area revealed a strong re-expression of ␣SKA. Several of the affected cells demonstrated an intense patchy localization of ␣SKA (Fig. 2E and F) with a concomitant down-regulation of ␣CA (Fig. 2E and F) and cardiotin ( Fig. 2G and H) . Furthermore, absence of ␣SKA (Fig. 2F) and cardiotin (Fig. 2H) 
Pressure-and volume-overloaded rabbit hearts
Longitudinal sections of left ventricle tissue of sham-operated rabbits revealed a normal ␣CA cross-striated pattern in the cardiomyocytes (Fig. 3A) . The tissue was devoid of any ␣SKA expression (Fig. 3C ) and the PAS staining showed no glycogen deposition (Fig. 3E) (Fig. 3D) . PAS staining of the ␣SKA-positive regions often showed an accumulation of glycogen (Fig. 3F) , although not all areas with ␣SKA-positive cardiomyocytes were PAS-positive.
Actin re-organization in cultured adult rabbit cardiomyocytes
In a previous in vitro study, we have classified the progressive phenotypic adaptations of rabbit cardiomyocytes into 5 consecutive groups (Groups 1 to 5) [32] . Approximately 3 hrs after isolation, the cardiomyocytes showed still intact sarcomeric cross-striations with staircase-like distal ends of the cell (non-differentiated Group 0 cardiomyocytes, Fig. 4A ). The first change after 1 day in culture was a rounding up of the distal ends (Group 1, Fig. 4B ), followed by the development of ␣CA stress fibres in a fan-like distribution pattern in the spreading processes (Group 2, Fig. 4C ). As the dedifferentiation process continued, the spreading with ␣CA-positive stress fibres progressed towards the lateral sides of the cell (Group 3, Fig. 4D ). Electron microscopy showed a gradual loss of sarcomeric myofilaments (Figs. 4E and 6A ) and the occurrence of stress fibres in the spreading areas with residual actin filaments still visible (Fig. 4E) . The complete spreading of the outer plasma membrane was accompanied by stress fibres all over the outer surface; remnants of the sarcomeric structure of the myofibrils were still present at the centre of the cell (Group 4, Fig. 4F) . Finally, the cardiomyocytes showed a rounded appearance with only a myofibrilar core remaining (Group 5, Fig. 4G) (Group 1  cells, Fig. 5A ). The expression progressively and specifically increased upon further differentiation. As such, the expression of ␣SKA was observed in the cytoplasmic processes at the distal ends after 2 days (Group 2, Fig. 5B ) and was progressively seen in the spreadings at the lateral sides of the cardiomyocytes (Group 3 and 4, Fig. 5C and E) mainly after 3 and 4 days in co-culture, respectively. ␣SKA co-localized with the developing ␣CA stress fibres (Fig. 5D) and was characterized by a rather patchy staining pattern. Upon further dedifferentiation, the rounded cardiomyocytes showed a punctate ␣SKA positivity throughout the entire cytoplasm mainly after 4 days in co-culture (Group 4 and 5, Fig. 5E and F) . (Fig. 6E) as verified, in addition, by PAS staining (Fig. 6F) .
Chronic atrial fibrillation in goats
Atrial cardiomyocytes from goats in sinus rhythm showed longitudinal myofibres with a regular pattern of sarcomeres throughout the cytoplasm with parallel rows of mitochondria and the presence of some distributed glycogen granules (Fig. 6B and C). During 4 weeks of AF, structural remodelling of the cardiomyocytes was observed, characterized by gradual disruption of the sarcomeric apparatus or myolysis and a concomitant accumulation of glycogen (Fig. 6D). After 16 weeks of AF, the majority of the myofilaments have been replaced by large glycogen accumulations
Transverse sections of right atrial myocardium from goats in sinus rhythm showed intense ␣CA staining in all cardiomyocytes (Fig. 7A and Table 2 ). In adjacent serial sections, only very limited ␣SKA staining (Ͻ1% of total tissue area) (Fig. 7B) and no glycogen accumulation could be detected, as verified by PAS staining (Fig. 7C) . After 1 week of AF, the ␣CA expression was unaltered (Fig. 7D) (Fig. 7E) . PAS staining of the same regions revealed a minor degree of glycogen deposition (Fig. 7F) . (A, B, F, G) , 10 m (C and D) and 500 nm (E). Fig. 7H and K) . However, not all cardiomyocytes accumulating large amounts of PAS-positive glycogen showed also ␣SKA staining. Cross-striated ␣CA staining remained present as observed in the longitudinal sections (Fig. 7I ). [5] and the localization of ␣SKA-positive cardiomyocytes as a transmural gradient mainly in the subendocardial part of the adult human heart [7] . Another possibility might be that the ␣SKA-positive cardiomyocytes were in a stage of hypertrophy thereby expressing ␣SKA. The absence of ␣SKA observed in ␣CA and cardiotin-negative cardiomyocytes points to an advanced stage of hibernation, which is characterized by a high degree of myolysis [22, 1 m (B, D), 2 m (A, E) and 15 m (C, F) . rhythm (A, B, C) and after 1 week (D, E, F) and 16 weeks (G, H, I hibernating cardiomyocytes in vivo [34] . Previously, we have subdivided this process of structural adaptation into five successive morphological steps [32] . The remodelling started at the distal end of the cardiomyocyte through the disassembly of the intercalated disk and the formation of cytoplasmic processes. These cytoplasmic processes progressively extended over the whole plasma membrane and caused progressive morphological changes of the cardiomyocytes from a highly organized cylinder to a fully flattened cell. Spreading of the cardiomyocytes is characterized by a progressive disruption of the sarcomeric organization leaving only remnants of ␣CA-containing thin filaments in the myolytic regions.
Fig. 3 Detection of ␣CA (A, B), ␣SKA (C, D) and periodic acid Schiff (PAS) staining (E, F) in frozen sections from sham left rabbit ventricular myocardium (A, C, E) and left ventricular tissue after induction of 2 weeks aortic insuffiency and subsequently 16 weeks of banding (B, D, F). Re-expression of ␣SKA and presence of glycogen accumulation in the same areas of pressure and volume overloaded myocardium is evident. Scale bars represent 20 m.
Fig. 4 Immunofluorescence imaging of ␣CA (A, B, C, D, F, G) and electron microscopy (E) of (A) freshly isolated rectangular rabbit cardiomyocytes, (B) Group 1, (C) Group 2, (D, E) Group 3, (F) Group 4 and (G) Group 5 CMs. Arrows in (C) and (D) point to the distal and lateral protrusions, respectively. * indicates the localization of actin stress fibres (D, E, G). PI counterstaining of nuclei in red. Scale bars represent 20 m
In the weeks following these initial changes, a gradual increase in glycogen deposition was observed in ␣SKA-positive cardiomyocytes (Table 2). After 16 weeks of AF, patchy staining of ␣SKA in the cytoplasm (25% of total tissue area) could be observed (Fig. 7G and J). PAS staining of the corresponding myocytes often showed intense pink deposits, indicating obvious amounts of glycogen (
Discussion
In this study, we investigated the re-expression of the sarcomeric
Cultured adult rabbit ventricular cardiomyocytes serve as a valuable experimental model to address some important questions that are relevant to the structural changes seen during cardiomyocyte dedifferentiation. The changes in ultrastructure and expression patterns of structural proteins exhibit similarities with
Fig. 6 Electron microscopy of isolated rabbit ventricular cardiomyocytes after 4 days in culture (A) and goat atrial tissue in sinus rhythm (B, C), after 4 weeks (D) and 16 weeks of chronic atrial fibrillation (E, F). (A) Cultured ventricular cardiomyocyte (*) showing intact myofilaments (my) with longitudinal rows of mitochondria (M) and a dedifferentiating cardiomyocyte (#) with obvious disruption of the sarcomeric apparatus. Atrial cardiomyocytes in sinus rhythm (B) show well-organized myofilaments (my) with parallel rows of mitochondria (M) and absence of glycogen accumulation. Periodic acid Schiff (PAS) staining revealed no glycogen in the cardiomyocytes, as evaluated by light microscopy (C). Gradual disruption of myofilaments is observed during 4 (D) and 16 weeks of AF (E) and is associated with apparent glycogen accumulation (gl). The glycogen stores are clearly seen after PAS staining (F, arrowhead). Scale bars represent
Our study now revealed that the spreading of the plasma membranes coincided with the development of ␣CA stress fibres in the posterior protrusions, which progressed towards the lateral sides of the cells. Peripheral stress fibres attached to membranous ruffles, which are positive for ␣-actin, have earlier been described in the pseudopods of embryonic chick cardiomyocytes. These were shown to interconnect with fine polygonal networks located between developing myofibrils [35] . Furthermore, the formation of actin stress fibres containing ␣SMA was observed in filopodia of spreading adult rat cardiomyocytes in culture [36, 37] . It has been postulated that during myofibrillogenesis, ␣-actin containing stress fibres can serve as a scaffold to direct the assembly of nascent striated myofilaments, which disappear as the myofilaments mature [1, 38] . This was evidenced in remodelled adult rat cardiomyocytes in culture after the administration of insulinlike growth factor I, which stimulated myofilament development in the filopodia and caused a down-regulation of the non-sarcomeric ␣SMA [35, 39] [41] , starting from punctate aggregates similar to those described for other components of myofibrils, such as ␣-actinin forming 'Z-bodies' [42] [43] [44] , followed by an incorporation into actin stress fibres, which in turn could serve as templates for myofibrils [45] . Contrary to adult rat cardiomyocytes in long-term culture, which have the ability to generate new myofibrillar structures [46] , no reassembly of myofilaments was observed in our co-culture setting. Furthermore, the co-culture system shares a common denominator with the aforementioned cardiovascular pathologies in that high levels of passive load or stretch are imposed onto the cardiomyocytes resulting in gradual disruption of the sarcomeric apparatus [32] . This [17] , are highly comparable with the myolytic events identified in our cardiomyocyte culture system. Therefore, we performed alpha-sarcomeric actin immunostainings on the same samples used in the previous study and compared it to the described ␣SMA expression [17] [47] . The re-expression of ␣SMA in cardiomyocytes with a hibernating phenotype has also been observed in the left atrial posterior wall of human patients with chronic AF [48] . Our data combined with previous results suggest a reverse myofibrillogenesis process as indicated by the time-related re-expression of ␣SKA followed by that of ␣SMA (see Table 2 ). Restoration of the blood flow by coronary artery bypass surgery offers hibernating myocardium the opportunity to restore its contractile function [22, 51] . However, there is often a delayed recovery ascribed to the increased interstitial tissue or to the far advanced stage of myolysis of the sarcomeric apparatus [52] . Due to the early expression of ␣SKA, it can be hypothesized that the level of ␣SKA is a useful determinant for the degree of dedifferentiation in hibernating myocardium and an indicator for possible redifferentiation.
Our results on ␣SKA re-expression in the myocardial dedifferentiation models invite for further research into the mechanisms regulating actin isoform expression and can contribute to the additional understanding of myofilament assembly during myofibrillogenesis.
